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(54) Optical add/drop arrangement for ring networks employing wavelength division multiplexing 



(57) An add/drop arrangement using broadband 
optical couplers provides a low- loss, highly flexible 
add/drop capability for survivable wavelength division 
multiplexed (WDM) ring networks. At each node in the 
ring having the broadband optical coupler-based 
add/drop element, a portion of optical signal power of 
the entire WDM signal (i.e., all optical channels) is 
tapped off so that one or more optical channels of par- 
ticular wavelengths can be dropped at the node. Infor- 
mation (e.g., data) to be added at the node is supplied 
in an optical channel that is added to the WDM signal 
via the broadband coupler. Because the add/drop ele- 
ment uses a broadband coupler, another portion of opti- 
cal signal power of the WDM signal, including any 

FIG. 
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added optical channels, passes through the node onto 
the ring. Depending on the specific ring topology being 
used with the broadband coupler-based add/drop 
arrangement, additional wavelength assignment and 
handling measures may be required. For example, cer- 
tain ring topologies may experience interference 
between optical channels of particular wavelengths due 
to possible recirculation of these optical channels 
beyond the add and drop nodes (e.g., after an optical 
channel passes its destination node). According to one 
illustrative embodiment, a node is equipped to perform 
wavelength conversion and/or wavelength suppression^ 
to prevent undesirable re-circulatlon of optical channels. 
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Description 
TECHNICAL FIELD 

[0001] This invention relates generally to lightwave 
communication networks and, more particularly, to add- 
ing and dropping signals in wavelength division multi- 
plexed ring networks. 

BACKGROUND OF THE INVENTION 



[0002] Optical fiber is becoming the transmission 
medium of choice for communication networks because 
of the speed and bandwidth advantages associated 
with optical transmission. Wavelength division multi- 
plexing (WDM), which combines many optical channels 
at different wavelengths for simultaneous transmission 
as a composite optical signal in a single optical fiber, is 
being used to meet the increasing demands for more 
speed and bandwidth in optical transmission applica- 
tions. With recent advances in optical networking tech- 
nology, system manufacturers are now contemplating 
dense wavelength division multiplexing (DWDM) sys- 
tems that include, for example, as many as 80 or more 
optical channels (i.e., wavelengths) in a single fiber. As 
such, DWDM optical transport technology is revolution- 
izing the telecommunication industry. 
[0003] In view of the many advantages associated 
with the use of WDM and DWDM in long haul networks, 
WDM and DWDM technology is now being contem- 
plated for use in short haul markets, such as metropoli- 
tan area networks and the like. Traditionally, short haul 
networks have been implemented as Synchronous 
Optical Network (SONET) rings using time division mul- 
tiplexing (TDM) and the like. While such SONET rings 
perform well, the strong and consistent growth in 
demand for bandwidth and management of that band- 
width has outgrown the capabilities and capacity of 
SONET rings. As a result, there is a desire to extend, at 
the lowest cost possible, the enormous capacity and 
protocol independence of WDM and DWDM into these 
short haul ring networks. 

[0004] In particular, there are many incentives for 
extending deployment of WDM and DWDM to the short 
haul networks in place of the existing time division mul- 
tiplexed systems. For example, transport efficiencies 
can be achieved through deployment of packet or cell- 
based transport directly onto individual optical chan- 
nels. Additionally, WDM and DWDM systems provide 
greater bandwidth and offer more flexibility in managing 
the dynamic bandwidth requirements of today's users. 
[0005] However, implementation of WDM or DWDM 
in metropolitan area networks presents a unique set of 
challenges as compared to long haul network applica- 
tions. For example, add/drop requirements are signifi- 
cantly greater in metropolitan area networks as 
compared to long haul networks because metropolitan 
area networks are typically more densely populated 



with users in a more geographically limited area. In 
addition, flow of traffic, diversity of traffic types, and 
dynamic changes in traffic levels associated with the 
adding and dropping of traffic further complicates the 
5 management of traffic in the metropolitan area network. 
Solving these problems using conventional WDM and 
DWDM techniques, such as those used in long haul 
applications, adds significant cost and complexity in the 
more cost-sensitive metropolitan area environment. 
to [0006] For example, conventional approaches to 
optical add/drop multiplexing are typically based on 
extracting the entire signal power for a selected wave- 
length at an add/drop node. Some examples of compo- 
nents used for optical add/drop multiplexing include in- 
15 line arrayed waveguide grating routers (AWG), fiber 
Bragg gratings (FBG), or Mach-Zehnder (MZF) filters, to 
name a few. However, these devices have several dis- 
advantages that render them undesirable for practical 
applications in short haul applications, such as ring net- 
20 works. For example, some of these disadvantages 
include: wavelength dependent loss; power penalties 
and other transmission impairments due to bandwidth 
narrowing and group velocity dispersion; limited spec- 
tral bandwidth, poor scalability, and high implementation 

25 COStS. 

[0007] In general, the economics of applying 
DWDM in inter-office (IOF) and access metropolitan 
applications depend very much on the cost of state-of- 
the-art optical components, such as optical muttiplex- 
30 ers/demultiplexers, optical amplifiers, optical switches, 
and WDM sources. While the flexibility of bandwidth 
assignment is a key driver for this application, the cost 
of providing this capability using straightforward DWDM 
techniques appears prohibitively expensive for this 
35 more cost sensitive environment. 

[0008] Consequently, a more cost competitive and 
technologically feasible solution for adding and drop- 
ping optical signals is required in order to realize the 
benefits of WDM or DWDM in metropolitan area net- 
40 working. 



g[ IMMARY OF THE INVENTION 

[0009] Cost and optical losses associated with add- 
45 ing and dropping optical channels of a wavelength divi- 
sion multiplexed (WDM) signal in a WDM ring network 
are substantially reduced over the current art in an 
add/drop arrangement that uses broadband optical cou- 
plers in combination with wavelength conversion and 
so suppression elements. At each node in the WDM ring 
that includes a broadband optical coupler-based 
add/drop element, a portion of optical signal power of 
the entire WDM signal (i.e., all optical channels) is 
tapped off so that one or more optical channels of par- 
55- ticular wavelengths can be dropped at the node. Infor- 
mation (e.g., data) to be added at the node is supplied 
in an optical channel that is added to the WDM signal 
via the same broadband coupler. Another portion of 
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optical signal power of the WDM signal (including any 
added optical channels) passes through the node onto 
i the WDM ring. 
[001 0] According to another aspect of the invention, 
at least one node in the WDM ring includes wavelength s 
conversion and suppression elements in order to 
reduce interference between optical channels that may 
occur as a result of re-circulation of these optical chan- 
nels in the WDM ring (e.g., after an optical channel 
passes its destination node). Wavelength conversion to 
and suppression will be different depending on the spe- 
cific ring topology being used with the broadband cou- 
pler-based add/drop arrangement. The add/drop 
arrangement according to the principles of the invention 
may be employed in various WDM ring architectures is 
including, but not limited to, path-switched rings and 
line-switched rings. 

[0011] The add/drop arrangement according to the 
principles of the invention uses components that have 
low optical losses (e.g., low losses in the drop and 20 
through paths), operate over a wide spectral bandwidth 
(e.g., broadband), and rely on passive rather than active 
techniques, thus reducing the cost and complexity as 
compared to prior arrangements. Moreover, problems in 
the prior add/drop arrangements relating to the cascad- 25 
ing of band-narrowing filters are avoided by using 
broadband couplers for adding and dropping optical 
channels in a WDM ring. 

BRIEF DESCRIPTION OF THE DRAWING 30 

[0012] A more complete understanding of the 
present invention may be obtained from consideration 
of the following detailed description of the invention in 
conjunction with the drawing, with like elements refer- 35 
enced with like reference numerals, in which: 

FIG. 1 shows a typical ring network; 
FIGS. 2A and 2B are simplified block diagrams of 
typical add/drop arrangements for multi -wavelength 40 
optical systems; 

FIGS. 3A and 3B are simplified block diagrams of 
broadband couplers which can be used in wave- 
length add/drop elements according to the princi- 
ples of the invention; 45 
FIG. 4 shows an exemplary embodiment of an 
add/drop arrangement using the broadband cou- 
pler of FIG. 3 in a uni-directional path-switched ring 
(UPSR) network; 

FIG. 5 shows another exemplary embodiment of an so 
add/drop arrangement according to the principles 
of the invention; 

FIGS. 6A-6D and 7A-7D are simplified network dia- 
grams illustrating the principles of the invention in 
the context of communications in a UPSR network; 55 
FIG. 8 is a simplified block diagram of one of the 
nodes from the network shown in FIGS. 6A-6D and 
7A-7D according to the principles of the invention; 



FIGS. 9A and 9B are simplified network diagrams 
illustrating the principles of the invention in the con- 
text of communications in a uni-directional line- 
switched ring (ULSR) network; 
FIG. 10 shows an exemplary embodiment of an 
add/drop arrangement using the broadband cou- 
pler of FIG. 3 in the ULSR network of FIG. 9; 
FIGS. 11 and 12A-12B are simplified network dia- 
grams illustrating the principles of the invention in 
the context of communications in a 2-fiber bi-direc- 
tional line-switched ring (2F-BLSR) network; 
FIG. 13 shows an exemplary embodiment of an 
add/drop arrangement using the broadband cou- 
pler of FIG. 3 in the 2F-BLSR network of FIGS. 1 1 
and 12; 

FIGS. 14A-14B and 15A-15B are simplified network 
diagrams illustrating the principles of the invention 
in the context of communications in a 4-fiber bi- 
directional line-switched ring (4F-BLSR) network; 
and 

FIG. 16 shows an exemplary embodiment of an 
add/drop arrangement using the broadband cou- 
pler of FIG. 3 in the 4F-BLSR network of FIGS. 14 
and 15. 

DETAILED DESCRIPTION OF THE INVENTION 

[0013] For a better understanding of the principles 
of the invention, an overview of a typical ring network is 
first provided. In particular, a prototypical WDM ring that 
includes one or more network elements having optical 
add/drop capability, e.g., optical add/drop multiplexers 
will be described. For a general overview of ring net- 
works, including SONET/SDH rings and WDM rings, 
see, e.g., Kaminow et al„ Optical Fiber 
Telecommunications, Vol. IMA. pp. 269-275 and 567- 
573 (1997), which is incorporated by reference herein. It 
should be noted that although the principles of the 
invention will be described in the context of single ring 
configurations, the teachings may also be applied to 
multiple-fiber overlays of survivable WDM rings, e.g., 
multiple ring architectures. Moreover, although the 
embodiments are shown and described herein in the 
context of a 4-node network, the principles of the inven- 
tion can be applied to a ring network having any number 
of nodes. As such, the embodiments shown and 
described herein are meant to be illustrative and not lim- 
iting in any way. 

[0014] FIG. 1 shows a unidirectional path-switched 
ring (UPSR) 100 including nodes 101-104 (labeled as 
nodes A through D respectively) connected via optical 
fibers 110 and 111. Nodes 101-104 may include net- 
work elements capable of adding and dropping chan- 
nels from the signals transported via optical fibers 1 1 0- 
111, as illustrated at nodes 101 and node 102. The 
basic principles of operation of a UPSR are well-known 
to those skilled in the art. For example, UPSR networks 
are well-known in the SONET/SDH domain, e.g., see 
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Bellcore Generic Requirements. GR-1400-CORE, 
'SONET Dual-Fed Unidirectional Path-Switched Ring 
(UPSR) Equipment Generic Criteria January 1999, 
M. Chow, "Understanding SONET/SDH Standards and 
Applications', pp 7-23 to 7-40 (1995), and W. Goralski, 
'SONET: A Guide to Synchronous Optical Networks', 
pp. 342-366(1997), all of which are incorporated by ref- 
erence herein. In general, a UPSR is made survivable 
by the use of a so-called working path and a protection 
path, as well as the use of head-end bridging and tail- 
end switching at the ingress and egress nodes. 
[0015] Using FIG: 1 as an example, nodes 101-104 
are connected via optical fiber 110 in a working path 
and via optical fiber 120 in a protection path. Signals 
entering node 101, for example, are head-end bridged 
onto both optical fibers 1 10 and 111 and propagate in 
opposite directions (as shown by the arrows) via the 
working and protection paths to node 102. At node 1 02, 
tail-end switching may be used to select the signals 
from either the working or protection path for egress at 
node 102. In this way, the ring is survivable because 
communications can be maintained between nodes in 
the event of certain failure conditions in UPSR 100. 
[0016] In the case of a WDM-based UPSR, a multi- 
wavelength optical signal comprising many optical 
channels, with each channel operating at a distinct 
wavelength, are carried on each of optical fibers 110 
and 111. To take advantage of the benefits of optical 
transmission within a WDM-based UPSR, it is desirable 
to drop and add individual optical channels from the 
multi-wavelength signal at selected nodes within the 
ring. For example, it may be desirable to add traffic via a 
particular optical channel at node 1 01 and drop that traf- 
fic at node 1 02. Accordingly, an optical add/drop capa- 
bility must be provided at each of nodes 1 01 and 1 02 to 
facilitate the adding and dropping of information from 
that optical channel. Optical add/drop multiplexers are 
typically used for this purpose. 

[0017] It should be noted that additional equipment, 
both optical and electronic, may be required at each of 
the nodes for appropriate routing of the traffic, e.g., 
SONET add/drop multiplexers, cross-connects, ATM 
switches, IP routers, and the like. For purposes of 
understanding the principles of the invention, the 
detailed nature of this other electronic and optical equip- 
ment used for processing the added and dropped traffic 
is inconsequential. 

[0018] Referring again to FIG. 1, wavelength 
assignment may be an issue in a WDM-based UPSR 
because of the fact that communications is unidirec- 
tional and because signals are bridged onto both the 
working and protection paths between nodes. For 
example, signals from node 101 to node 102 and from 
node 102 to node 101 on optical fiber 110 propagate in 
the same direction. Similarly, signals between these 
nodes in optical fiber 1 1 1 also propagate in the same 
direction. As such, if the same wavelength is used for 
communications from node 101 to node 102 and from 



node 102 to node 101, then that wavelength will be 
occupied entirely around the ring on both optical fibers 
110 and 111. e.g., the working and protection paths 
respectively- Consequently, there may be no opportunity 

5 for wavelength reuse because of the one-to-one corre- 
spondence between each connection and an individual 
optical channel of a particular wavelength, i.e., a dedi- 
cated wavelength. More specifically, a separate optical 
channel (e.g., at wavelength ^ may be used for com- 

J0 munications between nodes 101 and 102, another opti- 
cal channel (e.g., wavelength X^) may be used for 
communications between nodes 101 and 103, and so 
on. As such, wavelength assignment in a WDM-based 
ring becomes an important consideration, especially in 

f5 the context of add/drop capability in a WDM-based ring. 
[0019] As previously described, the conventional 
approach to wavelength add/drop multiplexers is to 
extract the entire signal power for a selected wavelength 
at an add/drop node. Accordingly, existing add/drop 

20 arrangements typically include wavelength-selective 
components for adding and dropping individual optical 
channels from the composite multi-wavelength optical 
signal, that is, the WDM signal. However, these 
add/drop arrangements have many disadvantages as 

25 will be described below. FIGS. 2A and 2B show two 
examples of wavelength add/drop elements that provide 
flexible add/drop capability for WDM applications. 
[0020] The add/drop arrangement shown in FIG. 2A 
includes an optical demultiplexer 201 for demultiplexing 

30 the composite WDM signal into its constituent optical 
channels. Each optical channel is coupled, in this exam- 
ple, to a series of optical switches 202 and a wavelength 
add/drop element 205. The wavelength add/drop ele- 
ment can be, for example, a Mach-Zehnder filter which 

35 can be used for dropping an individual optical channel 
and adding an individual optical channel, each associ- 
ated with the same wavelength. Optical switches 202 
are shown to be 1x2 switches which operate in a first 
position for normal through routing of the optical chan- 

40 nel and in a second position for when traffic is to be 
dropped and/or added to the optical channel. Optical 
multiplexer 206 is then used to recombine the constitu- 
ent optical channels into the composite WDM signal. 
Optical amplifiers 21 0 are typically provided to compen- 

45 sate for losses that occur in the add/drop arrangement. 
[0021] Among other problems, these types of 
add/drop arrangements have high insertion loss and 
high cost due to the number of components required for 
a WDM application, especially for systems with high 

so channel counts. As an example, typical losses associ- 
ated with multiplexer 206 can be as high as 20-24dB. 
Another significant disadvantage is the band narrowing 
effect as a result of the cascading of filters. It should 
also be noted, although not shown, that a separate 

55 transmitter and receiver is required for each channel to 
be added and dropped, respectively. Removal of optical 
switches 202, while reducing cost and losses, presents 
other problems relating to in-service upgrades and the 
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like. In particular, the use of 1x2 switches allow for rela- 
tively non-disruptive upgrades to a system, e.g., 
switches are included at startup while wavelength 
add/drop devices will vary depending on user require- 
ments and the like. 

[0022] FIG. 2B shows another example of an opti- 
cal add/drop arrangement that uses fiber Bragg gratings 
as the wavelength-selective elements. This arrange- 
ment is well-known, see, e.g., Giles et al., "Low Loss 
Add/Drop Multiplexers for WDM Lightwave Networks ", 
Tenth International Conference on Integrated Optics 
and Optical Fibre Communication, vol. 3, Hong Kong, 
Jun. 1995, pp. 66-67. In this configuration, optical circu- 
lators 215 are used in conjunction with gratings 216 for 
dropping and adding optical channels via optical demul- 
tiplexer 217 and multiplexer 218, respectively. In opera- 
tion, gratings 216 are transmissive with respect to those 
optical channels that are to be passed through and 
reflective with respect to those optical signals being 
dropped and added. As in the prior arrangement, cost 
and, to a lesser extent, loss becomes an issue because 
of the number and complexity of the components. More- 
over, band narrowing is still a problem as signals propa- 
gate through the successive gratings and service 
upgrades will likely disrupt existing service. 
[0023] According to the principles of the invention, 
the state of the art is advanced by adding and dropping 
j optical channels from a WDM signal by using broad- 
band coupler based add/drop elements, coupled with 
I appropriate wavelength assignment and signal routing 
•in the ring network. FIGS. 3A and 3B show two exem- 
plary broadband coupler arrangements that can be 
used according to the principles of the invention, 
wherein FIG. 3A would be useful for a single wavelength 
add/drop scenario and FIG. 3B extends the concept to 
a multi-wavelength add/drop scenario using appropriate 
multiplexing/demultiplexing components. 
[0024] More specifically, FIG. 3 A shows a simplified 
block diagram of the basic building block of the add/drop 
arrangement according to the principles of the inven- 
tion. Briefly, a broadband coupler or tap 300 (referred 
hereinafter as coupler 300) allows optical signals to be 
extracted and/or added onto a transmission facility, e.g., 
an optical fiber and the like. Coupler 300 includes input 
301 for receiving a multi-wavelength WDM optical signal 
and input 302 for receiving an optical channel of a par- 
ticular wavelength to be added to the WDM optical sig- 
nal. Because coupler 300 is broadband, each output 
304 and 305 carries the composite WDM optical signal, 
i.e., all wavelengths. However, the optical channel to be 
dropped from the composite WDM optical signal is 
extracted from the WDM optical signal that is supplied 
via output 304 while the WDM optical signal, which 
includes the added optical channel, is supplied via out- 
put 305. 

[0025] Broadband couplers and taps and their oper- 
ation are well known to those skilled in the art. As such, 
those skilled in the art will recognize that various broad- 



band optical couplers may be used for practicing the 
teachings of the present invention. In general, it is con- 
templated that coupler 300 can be any suitable optical 
device that distributes, splits, or otherwise couples opti- 

5 cal power among two or more ports. In the context of the 
present invention, coupler 300 is referred to as broad- 
band because it is contemplated that coupler 300 pos- 
sesses the necessary spectral bandwidth to: 1) receive 
a WDM signal having a plurality of optical channels of 

w differing wavelengths; 2) tap off a portion of optical sig- 
nal power of the WDM signal so that particular optical 
channels from the WDM signal can be dropped at a 
node; and 3) supply another portion of optical signal 
power of the WDM signal for output to optical transmis- 

15 sion facilities. 

[0026] In the embodiments shown and described 
herein, a "20/80" broadband coupler is contemplated for 
carrying out the principles of the invention. One such 
example is the dual window broadband coupler manu- 

20 factured by E-Tek Dynamics, Inc. In this exemplary cou- \ 
pier, approximately 20% of the optical signal power of 
the optical signals supplied via inputs 301 and 302 is 
tapped off and supplied via tap output 304 while approx- 
imately 80% of the optical signal power is supplied in 

25 the outgoing WDM signal via output 305. It should be 
noted that this example is only meant to be illustrative 
because other fractional-type coupling and tapping per- 
centages may be used in practicing the teachings of the 
invention. For example, it is well known that the coupling i 

30 ratio of coupler 300 may be varied according to design \ 
and performance parameters in order to achieve a ^ 
desired percentage of light transferred to tap output 304 
and output 305. In particular, the amount or percentage 
of optical signal power tapped off from an optical fiber is 

35 a matter of design choice, which can be based on such 
parameters as optical transmitter power, receiver sensi- 
tivity, fiber loss, to name a few examples. By way of 
example in the embodiments shown and described 
herein, the range of desirable tapped power may be 

40 approximately in the range of 0.5dB to 3dB, such as 1 
dB for example. Again, these values are only meant to 
be illustrative and will depend on many factors well 
known to those skilled in the art. 

[0027] FIG. 3B illustrates how coupler 300 can be 
45 used in conjunction with other components, such as 
optical multiplexer 31 0 and optical demultiplexer 31 1 , for 
adding a dropping a plurality of optical channels of dif- 
ferent wavelengths to the WDM optical signal. In all 
other respects, the operation and features of coupler 
so 300 are similar to those already described in FIG. 3A 
and will not be repeated here for sake of brevity. 
[0028] Referring again to UPSR 100 in FIG. 1, ft is 
contemplated that one or more nodes 101-104 would 
include an add/drop arrangement using couplers 300 
55 (FIGS. 3A and 3B) according to the principles of the 
invention. More specifically, FIG. 4 shows one exem- 
plary embodiment of an add/drop arrangement accord- 
ing to the principles of the invention employing couplers 
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300A and 300B for use in UPSR 100. As shown, the 
add/drop arrangement includes coupler 300A which is 
coupled to optical fiber 110, i.e., the working path of 
UPSR 100 from FIG. 1. Similarly, coupler 300B is cou- 
pled to optical fiber 111, i.e., the protection path of 
UPSR 100. Both coupler 300A and 300B receive, at 
inputs 301 A and 301 B respectively, the WDM signal 
comprising a plurality of optical channels of different 
wavelengths, represented here as X 1t X^— X n . As previ- 
ously described, the same signal is typically head-end 
bridged onto both the working and protection paths of a 
UPSR. 

[0029] Couplers 300A and 300B are further cou- 
pled to optical transmitters 31 5A and 31 5B at inputs 
302A and 302B, respectively, wherein each optical 
transmitter supplies an optical channel of a particular 
wavelength, designated here as to be added to the 
WDM signal. It is contemplated that optical transmitters 
31 5A and 31 5B may be of the fixed or tunable type, 
wavelength-selective, directly or externally modulated, 
and the like. Specific examples of different devices used 
for supplying an optical carrier (i.e., optical channel of a 
particular wavelength) and for modulating data onto the 
optical carrier are well known to those skilled in the art. 
Consequently, for simplicity of explanation and illustra- 
tion, the components for adding traffic (e.g., data) to the 
WDM signal will be represented collectively as optical 
transmitters. According to another aspect of the inven- 
tion, which will be described in more detail below in the 
context of specific network configuration examples, opti- 
cal transmitters 31 5A and 31 5B may either be separate 
devices as shown in FIG. 4 or may be implemented as a 
single optical transmitter. In the latter case, an optical 
transmitter can be coupled to a splitter device (not 
shown), e.g., 1x2 power splitter, for supplying an optical 
channel (i.e., having the same wavelength) to each of 
couplers 300A and 300B. Other modifications will also 
be apparent to those skilled in the art. 
[0030] Couplers 300A and 300B are further cou- 
| pled to optical filters 316A and 316B at outputs 304A 
and 304B, respectively. As previously described, cou- 
plers 300A and 300B are broadband couplers so that 
only a portion of the optical signal power of the compos- 
ite WDM optical signal (i.e., X % , 7^,... XJ is tapped at the 
couplers. As such, optical filters 31 6A and 31 6B are 
needed for filtering out the optical channel of a particu- 
lar wavelength to be dropped from the WDM optical sig- 
nal, designated here as where 7^ rop represents 
one or more of the constituent optical channels (i.e., X^ , 
X2— XJ. Optical filters, as well as other components for 
separating or splitting the composite WDM optical sig- 
nal into constituent optical channels, are well known to 
those skilled in the art. 

[0031] The filtered optical channel from each of the 
working and protection paths, i.e., the constituent opti- 
cal channel to be dropped from the WDM optical signal, 
is then supplied to an optical protection switching ele- 
ment 318. By way of example, switching element 318 



provides the tail-end switching function in UPSR 100 for 
selecting the signal supplied by either the working or 
protection path according to the particular protection 
switching arrangement being used. The selected optical 

5 channel is then supplied to appropriate optical receiver 
320 for appropriate processing at the drop node. Spe- 
cific examples of different devices used for receiving 
and processing a modulated optical carrier (i.e., optical 
channel of a particular wavelength) are well known to 

w those skilled in the art. Consequently, for simplicity of 
explanation and illustration, the components for drop- 
ping traffic (e.g., data) from the WDM signal will be rep- 
resented collectively as optical receivers. 
[0032] Furthermore, because couplers 300A and 

15 300B are broadband, a portion of the optical signal 
power of the composite WDM optical signal (i.e., X t , 
Xg,... X,,) including the added optical channel (e.g., 
X^), is supplied via outputs 305A and 305B on optical 
fiber 110 and 111 on the working and protection paths 

20 respectively. In this way, broadband couplers 300 A and 
300B also facilitate a drop and continue operation. 
[0033] It should be noted that modifications to the 
above embodiment can also be made to accommodate 
electronic protection switching. For example, opto-elec- 

25 tronic receivers can be used in place of optical filters 
316A and 31 6B followed by an electronic switch, e.g., 
2x1 switch, for carrying out the tail-end switching func- 
tion of switch 318. 

[0034] Using broadband couplers to add and drop 
30 signals could give rise to a potential crosstalk problem. 
More specifically, because signals are both launched J 
(i.e., added) and extracted (i.e., dropped) through the 
same tap or coupler, there is a potential for the launched 
signal to "leak" into the extracted signal. This unwanted 
35 effect may be further exacerbated by the fact that the 
launched signal will typically have higher optical signal 
power than the extracted or tapped signal. By way of 
example, this potential for leakage could be the result of 
the channel isolation and crosstalk characteristics of the 
40 particular optical filters, demultiplexers, and the like, 
which are being used to filter out the optical channel of 
a particular wavelength that is to be dropped from the 
WDM signal. Accordingly, FIG. 5 shows an exemplary 
embodiment according to the principles of the invention 
45 for substantially reducing or eliminating this unwanted 
effect using adaptive equalization or cancellation. 
[0035] More specifically, FIG. 5 shows coupler 300 
having similar features already described in the previ- 
ous embodiments. For sake of brevity, only the differ- 
so ences between this embodiment and the previously 
disclosed embodiments will be described herein. As 
shown, coupler 300 is coupled to optical demultiplexer 
325 via output 304. Demultiplexer 325 receives the por- 
tion of the composite WDM signal that is tapped by cou- 
55 pier 300 and separates the composite WDM signal into 
the individual optical channels of different wavelengths. 
Because of the aforementioned crosstalk and channel 
isolation limitations of devices, such as optical demuiti- 
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plexers, it is possible that the tapped WDM optical sig- 
nal may include unwanted signal components from the 
optical channel being added at the input of coupler 300, 
i.e., shown here as X^. Consequently, the individual 
optical channel to be dropped at the node, shown here 
as may also include these unwanted signal com- 

ponents. 

[0036] To remedy this problem, the individual opti- 
cal channel to be dropped at a node (Kbop) is coupled to 
a device such as photodetector 326 for conversion to an 
electrical signal. The operation of photodetectors and 
equivalent devices are well known to those skilled in the 
art. The electrical signal can then be further coupled to 
an amplifier 327 in a conventional manner. The ampli- 
fied electrical signal is then supplied to a subtraction cir- 
cuit 328 so that the signal added at the node (i.e., at 
input 302 of coupler 300) can be subtracted from the 
signal being dropped at the node. Other techniques for 
removing the unwanted signal components from the 
tapped signal will be apparent to those skilled in the art 
and are contemplated by the teachings herein. 
[0037] To gain a better understanding of the princi- 
ples of the invention, several exemplary ring network 
configurations will now be described which employ the 
broadband coupler-based add/drop arrangements 
described in the foregoing embodiments. 

Example 1 (Unidirectional Path-Switched Ring ) 

[0038] FIGS. 6A-6D show an exemplary unidirec- 
tional path-switched ring (UPSR) 400 in which the prin- 
ciples of the invention may be employed. As shown, 
UPSR 400 includes nodes 401-403 and a special func- 
tion node 405, referred hereinafter as termination node 
405 for reasons that will be described in more detail 
below. Nodes 401-403 and termination node 405 are 
interconnected in a ring configuration via optical fibers 
410 and 411, referred hereinafter as working path 410 
and protection path 41 1 , respectively. The basic princi- 
ples of operation of a UPSR are well-known and were 
briefly summarized in the description accompanying 
FIG. 1. Nodes 401-403 may each include the broad- 
band coupler-based add/drop arrangement described in 
the foregoing embodiments (e.g., FIGS. 3 and 4). How- 
ever, the exemplary scenarios shown in FIGS. 6A-6D 
illustrate a specific example of communications 
between nodes 402 and 403 (i.e., nodes B and C). As 
such, it is assumed that at least nodes 402 and 403 
each include the broadband coupler-based add/drop 
arrangement shown in FIG. 4. 
, [0039] Additionally, termination node 405 is 
required in this embodiment because of optical self- 
interference problems that may arise in closed ring 
architectures. As is well known, these problems can 
^arise when an optical channel of a particular wave- 
length, which is used for carrying traffic between two 
nodes, also continues to propagate around the ring 
indefinitely. In general, no circulating (i.e.. re-circulation) 



is allowed in a ring in order to avoid the self -interference 
problems. According to the principles of the invention, 
self-interference effects can be substantially reduced at 
the termination node by converting incoming optical sig- 
5 nals to electrical signals and then back to optical sig- 
nals. More specifically, termination node 405 is 
employed in the ring to serve as the originating and ter- 
minating point of the ring, where some signals may be 
added at the node, some signals may be dropped at the 
f0 node, some signals are expressed through the node 
(e.g., normal through), and some signals may be termi- 
nated or otherwise suppressed at the node. By way of 
example only, the termination node function may be car- 
ried out at a central node (e.g., central office location) or 
, 5 at a common cross-connect node which interfaces sev- 
eral rings. It should also be noted that termination node 
405 may also be used for monitoring the network and for 
sending control and administrative information to the 
other nodes in the ring. 
20 [0040] FIG. 8 shows a simplified block diagram of 
an exemplary embodiment of the termination node 
according to the principles of the invention. Briefly, ter- 
mination node includes components for demultiplexing 
and multiplexing WDM optical signals, components for 
25 converting wavelengths of individual optical channels, 
and components for adding and dropping signals. Ter- 
mination node 405 in FIG. 8 can be used in UPSR 400 
of FIG. 6, wherein termination node is coupled to work- 
ing path 410 and protection path 41 1 of the ring. In ter- 
30 mination node 405, optical demultiplexer 420 is coupled 
to working path 410 for separating the WDM optical sig- 
nal into individual optical channels. Some of the optical 
channels are coupled to wavelength converters 421. 
Wavelength converters, e.g., optical translator units 
35 (OTUs), are well known to those skilled in the art. Using 
OTUs as an example, an optical signal is converted to 
an electrical signal and then converted back to an opti- 
cal signal of a different wavelength. The need for wave- 
length converters will be described in more detail below 
40 in the context of UPSR operation in FIG. 6. Some of the 
demultiplexed optical channels are terminated or other- 
wise suppressed at termination element 450. Many dif- 
ferent methods and devices for terminating optical 
signals will be apparent to those skilled in the art, e.g., 
45 photodetectors and receivers and the like. 

[0041] After appropriate wavelength conversion or 
termination, the individual optical channels are then 
multiplexed by optical multiplexer 422 into a composite 
WDM optical signal. Although complete demultiplexing 
so of ail channels and subsequent multiplexing is envi- 
sioned at termination node 405, there are several meth- 
ods and wavelength plans that may be implemented to 
achieve this functionality. One example is an arrayed 
waveguide router multiplexer/demultiplexer, such as the 
55 so-called Dragone router, see, e.g., U.S. Patent No. 
5,002,350, which is incorporated by reference herein. 
However, other solutions will be apparent to those 
skilled in the art and are contemplated by the teachings 
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herein. 

[0042] Coupled to protection path 411 are optical 
demultiplexer 420, multiplexer 422, wavelength convert- 
ers 421, and termination element 450, all of which carry 
out the same function as previously described for the 5 
corresponding components in working path 410. As 
shown, wavelength add/drop element 490 is coupled to 
each of working and protection paths 410 and 411, 
respectively for adding and dropping optical channels 
as appropriate. For simplicity of illustration, wavelength to 
add/drop element 490 is represented as a single func- 
tional block, however, It will be appreciated that wave- 
length add/drop element 490 can be implemented using 
the broadband coupler-based add/drop arrangement 
shown in FIG. 4. 15 
[0043] In operation, signals can be added and 
dropped in UPSR 400 as shown in FIG. 6. Although a 
composite WDM signal comprising optical channels of 
different wavelengths is propagating around UPSR 400, 
only the optical channels actually being added and 20 
dropped at the selected nodes are shown by the dotted 
arrows in the ring for simplicity of illustration. FIGS. 6A 
and 6B show communications from node B (402) to 
node C (403). Node B sends data on optical channel A-j 
in the clockwise direction on working path 41 0 (FIG. 6A) 25 
and counterclockwise on protection path 41 1 (FIG. 6B). 
In FIG. 6A, node C, using a broadband coupler-based 
add/drop arrangement such as that shown in FIG. 4, 
taps off some of the optical signal power of the WDM 
optical signal from working path 410 so that traffic car- 30 
ried on optical channel A, can be dropped at node C. 
The remainder of the optical signal power in optical 
channel A t of the WDM signal in working path 410 is 
then terminated by termination element 450 at termina- 
tion node 405. One reason for terminating or otherwise 35 
suppressing optical channel X 1 after it has passed its 
destination node (node C) is to prevent interference that 
would otherwise occur if the optical channel was 
allowed to circulate around to node B where it was 
added to the ring. 40 
[0044] As shown in FIG. 6B, the WDM signal 
(including optical channel A,j) propagates counterclock- 
wise along protection path 41 1. Upon being received in 
termination node 405, the wavelength of optical channel 
A t is converted to optical channel A3. One reason for 45 
converting the wavelength of an optical channel that has 
not yet passed its destination node is to also avoid inter- 
ference that would otherwise occur if the optical channel 
of the original wavelength, e.g., optical channel A 1( was 
allowed to circulate around back to node B where it was so 
originally added to the ring. As shown, node C taps off 
some of the optical signal power of the WDM optical sig- 
nal from protection path 41 1 so that traffic carried on 
optical channel A3 can be dropped at node C. The 
remainder of the optical signal power in optical channel 55 
A3 of the WDM signal in protection path 411 is then ter- 
minated by termination element 450 at termination node 
405. 



[0045] The wavelength assignments in UPSR 400 
and use of termination node 405 in FIGS. 6A and 6B 
illustrate an important aspect relating to wavelength 
reuse. In particular, because a broadband coupler only 
taps off a portion of the optical signal power of the WDM 
optical signal (i.e., all wavelengths) as opposed to i 
extracting particular wavelengths of the WDM optical 
signal at a particular node, the WDM optical signal (i.e., 
all wavelengths) still propagates around the ring. As 
such, individual wavelengths for the optical channels 
being added and dropped between nodes on the ring 
cannot be reused. For example, a wavelength being 
used for the optical channel carrying traffic from node 
402 to node 403 (added at B and dropped at C) cannot 
also be used for the opticat channel carrying traffic from 
node 403 to 402 (added at C and dropped at B). Accord- 
ingly, an add/drop arrangement according to the princi- 
ples of the invention requires different wavelengths to 
support each of the connections in the ring, e.g., X 1 for 
B to C, X2 for C to B, and so on. 

[0046] Similarly, FIGS. 6C and 6D illustrate commu- 
nications from node C to node B. Node C sends data on 
optical channel Ag in the clockwise direction on working 
path 410 (FIG. 6C) and counterclockwise on protection 
path 41 1 (FIG. 6D). As shown in FIG. 6C. termination 
node 405 converts the wavelength of optical channel Ag 
to optical channel A3 for reasons previously described. 
As shown, node B taps off some of the optical signal 
power of the WDM optical signal from working path 41 0 
so that traffic carried on optical channel A3 can be 
dropped at node B. The remainder of the optical signal 
power in optical channel A3 of the WDM optical signal in 
working path 41 0 is then terminated in working path 41 0 
by termination element 450 at termination node 405. As 
shown in FIG. 6D, node B taps off some of the optical 
signal power of the WDM optical signal from protection 
path 41 1 so that traffic carried on optical channel A2 can 
be dropped at node B. The remainder of the optical sig- 
nal power in optical channel Ag of the WDM optical sig- 
nal in protection path 411 is then terminated by 
termination element 450 at termination node 405. 
[0047] In the preceding embodiment shown in FIG. 
6, a given node adds an optical channel of the same 
wavelength on both the working and protection paths 
but receives and drops optical channels of different 
wavelengths from the working and protection paths. In 
another alternative embodiment, it may be desirable for 
a node to add optical channels of different wavelengths 
onto the working and protection paths, but receive and 
drop optical channels having the same wavelength. This 
latter example is illustrated in FIGS. 7A-7D. Because 
the same principles of operation described for FIGS. 
6A-6D apply equally to the embodiment shown in FIG. 
7A-7D, the same will not be described again for sake of 
brevity. Other modifications which are within the spirit 
and scope of the present invention will be apparent to 
those skilled in the art and are contemplated by the 
teachings herein. 
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Example 2 (Unidirectional Line-Switched Rinq l 

[0048] The add/drop arrangement according to the 
principles of the invention may also be advantageously 
employed in a second type of ring network, the so- 5 
called unidirectional line-switched ring (ULSR) network. 
Again, the basic principles of operation of a ULSR net- 
work are well-known. Briefly, nodes in a ULSR commu- 
nicate by routing signals in the same direction, i.e., 
unidirectionally, on the working path only. In the event of io 
a node failure, cable cut, or other fault condition, nodes 
adjacent to the failure location implement so-called 
"loop back switching" in which signals are routed via the 
protection path in the direction opposite to that in the 
working path. is 
[0049] According to the principles of the invention, 
WDM signals may be added and dropped in a ULSR 
using a broadband coupler-based add/drop arrange- 
ment. More specifically, FIGS. 9A-9B show an exem- 
plary unidirectional line-switched ring (ULSR) 500 in 20 
which the principles of the invention may be employed. 
As shown, ULSR 500 includes nodes 501-503 and ter- 
mination node 505. Nodes 501-503 and termination 
node 505 are interconnected in a ring configuration via 
optical fibers 51 0 and 51 1 , referred hereinafter as work- 25 
ing path 51 0 and protection path 51 1 , respectively. As in 
the preceding UPSR example, nodes 501-503 may 
each include a broadband coupler-based add/drop 
arrangement However, the exemplary scenarios shown 
in FIGS. 9A-9B illustrate a specific example of commu- 30 
nications between nodes 502 and 503 (i.e., nodes B 
and C) in the event of a failure between nodes 501 and 
502 (i.e., nodes A and B). As such, it is assumed that at 
least nodes 502 and 503 each include a broadband 
coupler-based add/drop arrangement. 35 
[0050] Again, for simplicity of illustration, only the 
optical channels actually being added and dropped at 
the selected nodes are shown by the dotted arrows in 
the ring even though the composite WDM signal com- 
prising optical channels of different wavelengths is prop- 40 
agating around the ring. In FIG. 9A , node B sends data 
to node C in the clockwise direction via optical channel 
on working path 510. Node C, using a broadband 
coupler-based add/drop arrangement according to the 
principles of the invention (not shown), taps off some of 45 
the optical signal power of the WDM optical signal from 
working path 51 0 so that traffic carried on optical chan- 
nel Xi can be dropped at node C. The remaining optical 
signal power in optical channel Xj of the WDM optical 
signal in working path 510 is then terminated by termi- so 
nation element 550 at termination node 505. 
[0051] As shown in FIG. 9B, node C sends data to 
node B in the clockwise direction via optical channel X3 
on working path 510. For similar reasons already 
described in the preceding embodiments, termination 55 
node 505 converts the wavelength of optical channel X3 
to optical channel X^. Because of fault condition 560 
between nodes A and B, each of nodes A and B imple- 
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ment loop back switching according to well known tech- 
niques for line-switched rings. As such, the WDM optical 
signal is received at node A in working path 510 and 
looped back onto protection path 51 1 where it will con- 
tinue to propagate towards its destination, e.g., node. At 
its destination node B, the WDM optical signal is again 
looped back to working path 510. Node B, using a 
broadband coupler-based add/drop arrangement 
according to the principles of the invention (not shown), 
taps off some of the optical signal power of the WDM 
optical signal from working path 510 so that traffic car- 
ried on optical channel X2 can be dropped at node B. 
The remaining optical signal power in optical channel X^ 
of the WDM optical signal propagates in working path 
510 to termination node 505 where it is terminated by 
termination element 550. 

[0052] It should be noted that, in many scenarios, 
traffic in the network may not be survivable if the termi- 
nation node fails. For example, if the termination node 
failed thereby causing adjacent nodes to implement 
loop back switching so that signals would not propagate 
through termination node 505, then appropriate wave- 
length conversion and suppression/termination would 
not occur. As a result, the aforementioned interference 
problems could arise. 

[0053] FIG. 10 shows one exemplary embodiment 
of a broadband coupler-based add/drop arrangement 
that could be used for adding and dropping signals in 
ULSR 500 (FIG. 9). It will be apparent to those skilled in 
the art that the arrangement in FIG. 10 is a variation of 
the embodiment shown and described in FIG. 4 for the 
UPSR example. As such, common elements and func- 
tions will not be repeated here for sake of brevity, 
instead, only the significant differences will be 
explained, most of which relate to the coupling of the 
add/drop arrangement to working and protection paths 
510-511 as well as the switching and routing of signals 
from these paths through broadband coupler 601 . 
[0054] As shown, add/drop arrangement 600 
includes broadband coupler 601, optical transmitter 
602, optical filter 603, and optical receiver 604, each of 
which operates in a similar manner as described for the 
arrangement in FIG. 4. However, add/drop arrangement 
600 further includes at least two optical switches 61 0 
and 611, which are shown here to be 2x2 optical 
switches. Optical switches 610 and 611 can be imple- 
mented using well known devices such as, for example, 
opto-electrical switches, mechanical optical switches, 
lithium niobate switches, polymer-based switches, and 
the like. Other suitable devices for routing optical signals 
according to the principles of the invention will be appar- 
ent to those skilled in the art. 

[0055] In normal operation, e.g., no fault conditions, 
switches 610 and 611 are in a cross-bar state. More 
specifically, signals entering switch 61 1 via working path 
510 are switched or otherwise routed to coupler 601 . At 
coupler 601, adding and dropping of optical channels 
occurs as previously described for the embodiment 
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shown in FIG. 4. The WDM optical signal exiting coupler 
601 propagates to switch 610 where it is switched or 
otherwise routed via working path 510. 
[0056] When there is a failure in the ring (e.g., fail- 
ure 560 in ULSR 500 of FIG. 9), a node adjacent to that 
failure (e.g., node A or B) would implement loop back 
switching and route signals accordingly. In one exam- 
ple, switch 61 1 (switch B) could change to the so-called 
bar state and switch 610 (switch A) could remain in the 
cross-bar state. In this scenario, signals entering switch 
61 1 (switch B) via working path 510 would be loop back 
switched by switch 61 1 directly onto protection path 
511. Signals received by switch 610 (switch A) via pro- 
tection path 511 would be switched along path 615 
since switch 610 (switch A) is in a cross-bar state. 
Because switch 61 1 (switch B) is in a bar state, signals 
from protection path 51 1 would then be routed through 
coupler 601 where appropriate add/drop operations 
could occur as previously described. Signals exiting 
coupler 601 would then be routed by switch 610 (switch 
A), which is still in a cross-bar state, to working path 
510. It should be noted that change in states, e.g., 
cross-bar state or bar state, for each of the optical 
switches in the add/drop arrangement would depend on 
location of the fault relative to the node. 

Example 3 (2-Fiber Bi-directional Line- Switched Ring) 

[0057] The add/drop arrangement according to the 
principles of the invention may also be advantageously 
employed in another type of ring network, the so-called 
bi-directional line-switched ring (BLSR) network. As 
with UPSR and ULSR networks, BLSR networks are 
well-known in the SONET/SDH domain, e.g., see Bell- 
core Generic Requirements, GR- 1230-CORE, 
'SONET Bi-directional Line-Switched Ring Equipment 
Generic Criteria \ December 1996, M. Chow, "Under- 
standing SONET/SDH Standards and Applications* , pp 
7-23 to 7-40 (1 995), and W. Goralski, " SONET: A Guide 
to Synchronous Optical Networks pp. 342-366(1 997), 
all of which are incorporated by reference herein. 
[0058] According to the principles of the invention, 
WDM signals may be added and dropped in a BLSR 
using a broadband coupler-based add/drop arrange- 
ment at one of more of the nodes in the BLSR. More 
specifically, FIG. 11 shows an exemplary 2 -fiber bi- 
directional line-switched ring (2F-BLSR) 650 in which 
the principles of the invention may be employed. 2F- 
BLSR 650 has the same basic physical configuration as 
the preceding ring networks. In particular, nodes 651- 
653 and termination node 655 are interconnected in a 
ring configuration via optical fibers 660 and 661. How- 
ever, the difference with the 2F-BLSR network as com- 
pared with the unidirectional rings occurs in the traffic 
flow. In a 2F-BLSR network, for example, the bandwidth 
in each optical fiber 660 and 661 is divided so that one- 
half is dedicated for working traffic and one-half to pro- 
tection traffic. Furthermore, traffic flows clockwise in 



optical fiber 660 and counter-clockwise in optical fiber 
661. 

[0059] Again, for simplicity of illustration, only the 
optical channels actually being added and dropped at 

s the selected nodes are shown by the dotted arrows in 
the ring even though the composite WDM signal propa- 
gates around the ring. In FIG. 11 (normal operation), 
node 652 (node B) sends data in the clockwise direction 
to node 653 (node C) via optical channel X 1 using the 

w working bandwidth of optical fiber 660. Similarly, node 
653 (node C) sends data in the counter-clockwise direc- 
tion to node 652 (node B) via optical channel \^ using 
the working bandwidth of optical fiber 661 . As in the pre- 
ceding embodiments, broadband coupler-based 

15 add/drop arrangements (not shown) are included in 
each of nodes 652 and 653 to facilitate the adding and 
dropping of optical channels X t and X?. Optical signals 
X^ and X^ are terminated in termination node 655 in a 
similar manner and for similar reasons as previously set 

20 forth. 

[0060] FIGS. 12Aand 12B illustrate the operation of 
2F-BLSR 650 in the event of failure 670 between nodes 
B and C, with FIG. 1 2A showing communications from 
node B to node C and FIG. 12B showing communica- 

25 tions from node C to node B. In general, loop back 
switching is used in a similar manner as previously 
described for the ULSR example except for the flow of 
traffic between the working and protection bandwidths 
in each of opticaJ fibers 660 and 661 . In particular, both 

30 nodes B and C implement loop back switching in 
response to failure 670. 

[0061] In FIG. 12A, node B, which is in the loop 
back switch mode, routes the WDM optical signal 
(including optical channel X A ) from the working band- 

35 width of optical fiber 660 onto the protection bandwidth 
of optical fiber 661 . Optical channel X 1 is not terminated 
at termination node 655 since it has not yet reached its 
destination. Node C loop back switches the WDM opti- 
cal signal from the protection bandwidth of optical fiber 

40 661 back onto the working bandwidth of optical fiber 
660. Using the broadband coupler-based arrangement 
according to the principles of the invention (not shown), 
traffic carried in optical channel X 1 is then dropped at 
node C. The remaining optical signal power in optical 

45 channel X, of the WDM optical signal in the working 
bandwidth of optical fiber 660 is then terminated at ter- 
mination node 655 in a similar manner as previously 
described. 

[0062] In FIG. 12B, optical channel is routed 
so around 2F-BLSR 650 from node C to node B in a similar 
manner as described above. The significant difference 
is that the WDM optical signal (including optical channel 
X2) is loop back switched at node C from the working 
bandwidth of optical fiber 661 (counter-clockwise) onto 
55 the protection bandwidth of optical fiber 660 (clockwise) 
and visa versa at node B. 

[0063] Another significant difference in 2F-BLSR 
650 is that termination node 655 still must be capable of 
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passing or terminating optical channels of particular 
wavelengths in both optical fiber 660 (clockwise) and 
optical fiber 661 (counter-clockwise). However, wave- 
length conversion is not necessarily required, which 
thus may result in less wavelengths being used to facili- 
tate the adding and dropping of signals between nodes 
in the ring. For example, wavelength conversion is not 
required when all connections between any two nodes 
are not routed through termination node 655 in the 
absence of failures. In this case, termination node 655 
terminates or otherwise suppresses all wavelengths 
from both optical fibers 660 and 661 . If there is a failure 
in the ring and loop back switching is initiated to isolate 
the failure, then termination node only passes those 
wavelengths that have not yet passed their destination 
nodes. 

[0064] FIG. 13 shows one illustrative embodiment 
of a broadband coupler-based add/drop arrangement 
700 that may be employed at nodes 651-653 in 2F- 
BLSR 650 from FIGS. 11 and 12. The structure and 
operation of add/drop arrangement 700 in FIG. 13 is 
similar to that previously described for FIG. 10 except 
that an additional broadband coupler and correspond- 
ing components for adding and dropping individual opti- 
cal channels are used. In particular, add/drop 
arrangement 700 includes a pair of broadband couplers 
701 A-701B, a pair of optical transmitters 702A-702B, a 
pair of optical filters 703A-703B, a pair of optical receiv- 
ers 704A-704B, and a pair of optical switches 71 0 and 
711, for coupling to optical fibers 660 and 661. The 
additional coupler 701 B and its associated transmitter 
702B, filter 703B, and receiver 704B are used, for exam- 
ple, because signals may be added and dropped from 
the working bandwidth of both optical fibers 660 and 
661. As in the preceding embodiments, switches 710- 
71 1 will operate in a cross-bar state when the ring is in 
normal operation (e.g., no failures). Similarly, optical 
switches 710-71 1 will change states for carrying out the 
loop back functions, e.g., bar state and crossbar state, 
depending on the location of the fault relative to the 
node. 

Example 4 (4-Fiber Bi-directional Line-Switched Ring ) 

[0065] Another welt-known optical ring network 
architecture is the so-called 4-fiber bi-directional line- 
switched ring (4F-BLSR), the structure and operation of 
which are well-known to those skilled in the art. Briefly, 
the 4F-BLSR is similar in operation to the 2F-BLSR 
except that a separate optical fiber is dedicated for each 
of the following traffic flows: working traffic in clockwise 
direction; working traffic in counter-clockwise direction; 
protection traffic in clockwise direction; and protection 
traffic in counter-clockwise direction. 
[0066] FIGS. 14A-14B illustrate traffic flow in an 
exemplary 4-fiber bi-directional line-switched ring (4F- 
BLSR) 800 during normal conditions while FIGS. 15A- 
15B illustrate traffic flow when there is a fault in the ring. 



As shown, nodes 801-804 are interconnected in a ring 
configuration via optical fiber 810 (clockwise working 
path), optical fiber 811 (counter-clockwise working 
path), optical fiber 820 (clockwise protection path), and 

5 optical fiber 821 (counter-clockwise protection path). 
For reasons that will be described in further detail 
below, the clockwise and counter-clockwise working 
paths, optical fibers 810 and 811 respectively, do not 
form a closed ring. However, the clockwise and counter- 

w clockwise protection paths, optical fibers 820 and 821 
respectively, do form a closed ring. 
[0067] In FIG. 14A, node 802 (node B) sends data 
in the clockwise direction to node 803 (node C) via opti- 
cal channel X^ using the clockwise working fiber 810. In 

15 FIG. 14B, node C sends data in counter-clockwise 
working fiber 81 1 to node B via optical channel A^. For 
simplicity of illustration, only the optical channels actu- 
ally being added and dropped at the selected nodes are 
shown by the dotted arrows in the ring even though the 

20 composite WDM signal propagates around the ring. 
WDM signals may be added and dropped in 4F-BLSR 
800 (e.g., optical channels X^ between nodes B and C) 
using a broadband coupler-based add/drop arrange- 
ment (not shown) as described in the preceding embod- 

25 iments. 

[0068] One significant difference in operation from 
the other embodiments relates to the termination and 
conversion of wavelengths. In particular, because clock- 
wise working fiber 810 and counter-clockwise working 

30 fiber 81 1 do not form closed rings, no special termina- 
tion node is required in 4F-BLSR 800. Instead, interfer- 
ence is avoided simply by not connecting the working 
fibers between a pair of nodes on the ring. For example, 
the remaining optical signal power in optical channel X 1f 

35 which propagates around the ring after being tapped off 
in a respective node (e.g., node C for clockwise working 
fiber 81 0 and node B for counter-clockwise working fiber 
81 1), is simply terminated at the respective ends of the 
fibers as shown. This embodiment is meant to be illus- 

40 trative only. Consequently, other means for terminating 
or otherwise suppressing optical channels of a particu- 
lar wavelength at the ends of the working fibers will be 
apparent to those skilled in the art. It should also be 
noted that wavelength conversion is not required and 

45 only one wavelength is required for a full duplex connec- 
tion between any two nodes on 4F-BLSR 800. 
[0069] FIGS. 1 5 A and 1 5B illustrate the operation of 
4F-BLSR 800 in the event of failure 825 between nodes 
B and C, with FIG. 15A showing communications from 

so node B to node C and FIG. 15B showing communica- 
tions from node C to node B. In general, loop back 
switching is used in a similar manner as previously 
described for the preceding examples with some differ- 
ences that will be noted below. In this particular exam- 

55 pie, both nodes B and C implement loop back switching 
in response to failure 825. 

[0070] In FIG. 15A, node B, which is in the loop 
back switch mode, routes the WDM optical signal 
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(including optical channel X,) from clockwise working 
fiber 810 onto counter-clockwise protection fiber 821. 
The WDM optical signal (including optical channel 
propagates around the ring as shown. At node C, the 
WDM optical signal is looped back from counter-clock- 
wise protection fiber 821 back onto clockwise working 
fiber 810. Using the broadband coupler-based arrange- 
ment (not shown) according to the principles of the 
invention, traffic carried in optical channel Xj is then 
dropped at node C. The remaining optical signal power 
in optical channel of the WDM optical signal in clock- 
wise working fiber 810 is then terminated as previously 
described. 

[0071 ] Similarly, in FIG. 1 5B, node C, which is in the 
loop back switch mode, routes the WDM optical signal 
(including optical channel X A ) from counter-clockwise 
working fiber 811 onto clockwise protection fiber 820. 
The WDM optical signal (including optical channel X^) 
propagates around the ring as shown. At node B, the 
WDM optical signal is looped back from clockwise pro- 
tection fiber 820 back onto counter-clockwise working 
fiber 81 1 . Using the broadband coupler-based arrange- 
ment (not shown) according to the principles of the 
invention, traffic carried in optical channel Xj is then 
dropped at node B. The remaining optical signal power 
in optical channel 5^ of the WDM optical signal in coun- 
ter-clockwise working fiber 811 is then terminated as 
previously described. Using well-known techniques, 
span switching can also be used in lieu of loop back 
switching in the 4F-BLSR. 

[0072] FIG. 16 shows one illustrative embodiment 
of a broadband coupler-based add/drop arrangement 
900 that may be employed at nodes 801-804 in 4F- 
BLSR 800 from FIGS. 14 and 15. The structure and 
operation of add/drop arrangement 900 in FIG. 16 is 
similar to that previously described for FIGS. 10 and 13 
except for differences relating to the loop back switching 
function described above. For example, to facilitate loop 
back switching between the clockwise working fiber 81 0 
and counter-clockwise protection fiber 821, the 
add/drop arrangement includes a pair of switches 910- 
911, broadband coupler 901, and associated transmit- 
ter 902, filter 903, and receiver 904. Similarly, to facili- 
tate loop back switching between the counter-clockwise 
working fiber 811 and clockwise protection fiber 820, 
the add/drop arrangement includes a pair of switches 
920-921 , broadband coupler 915 and associated trans- 
mitter 916, filter 917, and receiver 918. 
[0073] As in the preceding embodiments, switches 
910-911 and 920-921 will operate in a cross-bar state 
when the ring is in normal operation (e.g., no failures). 
Similarly, switches 910-911 and 920-921 will change 
states for carrying out the loop back functions, e.g., bar 
state and cross-bar state, depending on the location of 
the fault relative to the node. As such, the operation as 
well as the flow of traffic in the various directions in 
add/drop arrangement 900 follows the same basic prin- 
ciples described in the preceding embodiments. 
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[0074] The foregoing is merely illustrative of the 
principles of the invention. Those skilled in the art will be 
able to devise numerous arrangements, which, 
although not explicitly shown or described herein, nev- 
ertheless embody principles that are within the scope of 
the invention. For example, the add/drop arrangement 
according to the principles of the invention may be 
applied in optical ring architectures other than the illus- 
trative embodiments specifically shown and described 
herein (e.g., different ring topologies, different number 
of nodes, etc.). The principles of the invention are also 
equally applicable to optically amplified networks as 
well as those networks which may not include optical 
amplifiers. Additionally, those skilled in the art will rec- 
ognize various combinations of optical and electronic 
components which may be substituted for the exem- 
plary structures described herein for carrying out the 
add/drop and protection switching functions. Accord- 
ingly, the scope of the invention is limited only by the 
claims that follow. 

Claims 
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An add/drop arrangement capable of adding/drop- 
ping at least one optical channel of a wavelength 
division multiplexed (WDM) signal in a WDM ring 
network having a plurality of nodes connected over 
an optical fiber facility, the arrangement comprising: 

in at least one of the plurality of nodes 

a broadband optical coupler including 

a first input coupled to the optical fiber 
facility for receiving the WDM signal, 
a first output for passing a tapped first 
portion of optical signal power of the 
WDM signal, and 

a second output for passing a second 
portion of optical signal power of the 
WDM signal to the WDM ring network, 

a receiver coupled to the first output, the 
receiver capable of extracting at least one 
optical channel from the tapped first por- 
tion, and 

a transmitter coupled to a second input of 
the broadband optical coupler, the trans- 
mitter capable of supplying an optical 
channel to be added to the WDM signal; 
and 

in at least one of the plurality of nodes, a 
means for preventing re-circulation of an opti- 
cal channel to substantially reduce interference 
between optical channels transported in the 
WDM ring network. 
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2. The add/drop arrangement according to claim 1, 
wherein the means for preventing re-circulation 
includes a wavelength suppression element. 

3. The add/drop arrangement according to claim 2, 
wherein the means for preventing re-circulation 
includes a wavelength conversion element. 

4. The add/drop arrangement according to claim 2, 
wherein the wavelength suppression element is 
operable to terminate a selected optical channel in 
the event that the selected optical channel has 
already passed a node at which the selected optical 
channel was extracted. 

5. The add/drop arrangement according to claim 3, 
wherein the wavelength conversion element is 
operable to convert a selected optical channel of a 
first wavelength to a second wavelength in the 
event that the selected optical channel of the first 
wavelength passes the node including the wave- 
length conversion element before passing a node at 
which the selected optical channel is to be 
extracted. 

6. The add/drop arrangement according to claim 3, 
wherein the node having the wavelength suppres- 
sion element and wavelength conversion element is 
a central node, the central node further including: 

at least one optical demultiplexer having an 
input coupled to the optical fiber facility and a 
plurality of outputs, wherein the at least one 
optical demultiplexer separates the WDM sig- 
nal into individual optical channels; and 
at least one optical multiplexer having a plural- 
ity of inputs, the at least one optical multiplexer 
combining the individual optical channels into a 
composite WDM signal and supplying the com- 
posite WDM signal to the optical fiber facility, 
wherein the wavelength conversion element is 
coupled between selected outputs of the at 
least one optical demultiplexer and selected 
inputs of the at least one optical multiplexer, 
and wherein the wavelength suppression ele- 
ment is coupled to selected outputs of the at 
least one optical demultiplexer. 
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line-switched ring, and a 4-fiber bi-directional line- 
switched ring. 

9. In a wavelength division multiplexed (WDM) ring 
system including a plurality of nodes connected 
over an optical fiber facility, a method for add- 
ing/dropping at least one optical channel of a WDM 
signal, wherein an optical channel carrying traffic is 
transported from a first node to a second node, the 
method comprising: 

at the second node, 

tapping off a portion of the optical signal 
power of the WDM signal using a broad- 
band optical coupler, 

extracting the optical channel carrying traf- 
fic from the tapped portion of the WDM sig- 
nal, and 

supplying an optical channel to be added 
to the WDM signal via the broadband opti- 
cal coupler; and 

at a central node, preventing re-circulation of 
the optical channel carrying traffic in the WDM 
ring system, thereby substantially reducing 
interference between optical channels in the 
WDM signal. 

10. The method according to claim 9, wherein prevent- 
ing re-circulation includes substantially suppressing 
a remaining portion of optical signal power in the 
optical channel that was extracted at the second 
node. 

11. The method according to claim 9, wherein prevent- 
ing re-circulation includes converting a selected 
optical channel of a first wavelength to a second 
wavelength in the event that the selected optical 
channel of the first wavelength passes the central 
node before passing the second node. 



7. The add/drop arrangement according to claim 6, 
wherein the central node further includes a broad- so 
band optical coupler, receiver and transmitter 
according to claim 1 . 

8. The add/drop arrangement according to claim 1, 
wherein the WDM ring network is configured in a 55 
network topology selected from the group consist- 
ing of a uni-directional path-switched ring, a uni- 
directional line-switched ring, a 2-fiber bi-directional 
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